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ABSTRACT 28 
Abstract 29 
Food microstructure significantly affects microbial growth dynamics, but knowledge 30 
concerning the exact influencing mechanisms at a microscopic scale is limited. The 31 
food microstructural influence on Listeria monocytogenes (green fluorescent protein 32 
strain) growth at 10°C in fish-based food model systems was investigated by Confocal 33 
Laser Scanning Microscopy. The model systems had different microstructures, i.e., 34 
liquid, xanthan (high-viscosity liquid), aqueous gel, and emulsion and gelled emulsion 35 
systems varying in fat content. Bacteria grew as single cells, small aggregates, and 36 
micro-colonies of different sizes (based on colony radii (µm), i.e., I: 1.5-5.0, II: 5.0-37 
10.0, III: 10.0-15.0; and IV: ≥15). In the liquid, small aggregates and Size I micro-38 
colonies were predominantly present, while Size II and III micro-colonies were 39 
predominant in the xanthan and aqueous gel. Cells in the emulsions and gelled 40 
emulsions grew in the aqueous phase and on the fat-water interface. Microbial 41 
Adhesion to Solvents Assay demonstrated limited bacterial nonpolar solvent 42 
affinities, implying that this behaviour was probably not caused by cell surface 43 
hydrophobicity. In systems containing 1 and 5% fat, the largest cell volume was 44 
mainly represented by Size I and II micro-colonies, while at 10 and 20% fat, a few 45 
Size IV micro-colonies comprised nearly the total cell volume. Microscopic results 46 
(concerning, e.g., growth morphology, micro-colony size, inter-colony distances, 47 
preferred phase for growth) were related to previously obtained macroscopic growth 48 
dynamics in the model systems for a L. monocytogenes strain cocktail, leading to 49 
more substantiated explanations for the influence of food microstructural aspects on 50 
lag phase duration and growth rate.  51 
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 3 
 52 
Importance 53 
Listeria monocytogenes is one of the most hazardous foodborne pathogens due to the 54 
high fatality rate of the disease (i.e., listeriosis). In this study, the growth behaviour of 55 
L. monocytogenes was investigated at a microscopic scale in food model systems that 56 
mimic processed fish products (e.g., fish paté, fish soup), and results were related to 57 
macroscopic growth parameters. Many studies have previously focused on the food 58 
microstructural influence on microbial growth. The novelty of this work lies in (i) the 59 
microscopic investigation of products with a complex composition and/or structure 60 
using Confocal Laser Scanning Microscopy, and (ii) the direct link to the macroscopic 61 
level. Growth behaviour (i.e., concerning bacterial growth morphology and preferred 62 
phase for growth) was more complex than assumed in common macroscopic studies. 63 
Consequently, the effectiveness of industrial antimicrobial food preservation 64 
technologies (e.g., thermal processing) might be overestimated for certain products, 65 
which may have critical food safety implications. 66 
 67 
 68 
Keywords: Confocal Laser Scanning Microscopy, Listeria monocytogenes, fat 69 
content, growth morphology, micro-colony size. 70 
71 
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1 INTRODUCTION  72 
In recent years, global fish product consumption has increased significantly (1-3). 73 
Fish products are known to be beneficial for human health, being an important source 74 
of high-quality proteins, vitamins, minerals, and omega-3 fatty acids (4-6). However, 75 
contamination with foodborne pathogens is common in fish products, as illustrated by 76 
the percentage of foodborne outbreaks caused by products of this food category, e.g., 77 
5.4% in 2016 (7). The bacterium Listeria monocytogenes, causing listeriosis, has been 78 
detected in fish products on a regular basis since 1987 (7-9). Listeriosis is an illness 79 
with a mortality rate of more than 20% (10), with clinical features ranging from mild 80 
influenza-like illness to invasive diseases like meningitis and meningoencephalitis 81 
(11). 82 
 83 
In predictive microbiology, the effect of food processing, distribution and storage 84 
operations on microbiological safety is evaluated by means of mathematical models 85 
that describe microbial responses to environmental conditions (12, 13). Since 86 
predictive models are traditionally developed based on experimental data from 87 
homogeneously well-mixed broth media, in essence ignoring food microstructure and 88 
composition, model accuracy for the behaviour of microorganisms in more structured 89 
food products is often limited (14-16). Food microstructure encompasses the spatial 90 
arrangement of the various structural elements (e.g., water and oil droplets, gas cells, 91 
particles, granules, strands, crystals, micelles, and interfaces) of a food product and 92 
their interactions (17). Microbial dynamics are affected by a plethora of food 93 
microstructural aspects, e.g., physical constraints on microbial mobility (18-20), the 94 
presence of fat in the food matrix (21, 22), the nature of the food matrix (i.e., viscous 95 
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 5 
or gelled) (22), and diffusion of oxygen, water, nutrients, preservatives, and 96 
metabolites (23-27). 97 
 98 
One approach that allows inclusion of the food microstructural influence into 99 
predictive models, is to conduct microbiological experiments in food model systems 100 
with various microstructures (28-31). Wilson et al. (26) defined five categories of 101 
food microstructures, i.e., liquids, emulsions, aqueous gels, gelled emulsions, and 102 
surfaces. Based on this classification, Baka et al. (29) investigated the influence of 103 
food microstructure on growth dynamics of L. monocytogenes at suboptimal 104 
temperatures using model systems based on processed fish products. However, apart 105 
from the variation in microstructure among those model systems, there was also 106 
variation in compositional and physicochemical factors. These unwanted variations 107 
were caused by the presence or absence of fat and gelling agents in some of the 108 
systems, a consequence of developing representative model systems for each 109 
microstructure. For this reason, Verheyen et al. (31) developed model systems with 110 
various microstructures among which the microstructural effect was isolated by 111 
means of minimal variation in compositional and physicochemical aspects. The set of 112 
model systems consisted of three viscous systems and two gelled systems, i.e., (i) a 113 
liquid system, (ii) xanthan, a more viscous liquid system containing a small 114 
concentration of xanthan gum, (iii) an emulsion, (iv) an aqueous gel, and (v) a gelled 115 
emulsion, respectively. These model systems were used to investigate the effect of 116 
food microstructure on growth dynamics of L. monocytogenes at suboptimal 117 
temperatures, i.e., 4 and 10°C (22). The growth morphology of the cells (i.e., 118 
planktonic cells, submerged colonies, or surface colonies), the nature of the food 119 
matrix (i.e., viscous or gelled), and the presence of fat droplets were reported to exert 120 
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 6 
a significant influence on the parameters of the growth model of Baranyi and Roberts 121 
(32). Since the study of Verheyen et al. (22) relied solely on macroscopic growth 122 
experiments, the underlying mechanisms have mostly been left unravelled. More 123 
specifically, apart from a visual inspection during the macroscopic growth 124 
experiments, a detailed investigation of the growth morphology in which L. 125 
monocytogenes appeared in the different model systems was not conducted. 126 
Quantification of colony sizes could lead to more insight in the observed differences 127 
in macroscopic growth dynamics. Colonies can either be classified as micro-colonies 128 
(i.e., radius < 200 µm) or macro-colonies (i.e., radius > 200 µm). While micro-colony 129 
growth largely resembles planktonic growth, macro-colony growth is slower, due to 130 
the presence of pH gradients and diffusion limitations around and inside the colonies 131 
(33). Additionally, single cells can also cluster together and form small aggregates 132 
(i.e., radius < 1.5 µm) which cannot be considered as full-fledged micro-colonies (33-133 
37). Another finding of the study was the growth-promoting effect of a small 134 
percentage of fat droplets in the model system matrix for which the causes remained 135 
unknown. More fundamental research towards these phenomena at a microscopic 136 
scale will lead to increased insight into the influence of food microstructure on 137 
microbial growth dynamics.  138 
 139 
While food products generally consist of different phases, most microbiological 140 
studies are only conducted at a macroscopic scale, ignoring heterogeneity. In order to 141 
characterise the behaviour of microorganisms in a complex food product, more 142 
advanced micro-scale measurement techniques are therefore necessary (38). Confocal 143 
Laser Scanning Microscopy (CLSM) is a non-destructive technique which has several 144 
advantages compared to conventional light microscopy, e.g., the applicability of 145 
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fluorescent probes to stain and visualise different components, the possibility of using 146 
relatively thick samples due to the removal of out-of-focus light, and the possibility of 147 
creating 3D images by using a sequence of optical sections at different sample heights 148 
(39). 149 
 150 
The aim of this study was to investigate the effect of food microstructure on L. 151 
monocytogenes growth dynamics at the microscopic level and relate the obtained 152 
results to findings at the macroscopic level. In order to compare microscopic and 153 
macroscopic observations, the bacteria were grown inside fish-based food model 154 
systems at 10°C, analogous to the macroscopic growth experiments conducted by 155 
Verheyen et al. (22). Model system composition was based on processed fish products 156 
(e.g., fish soup, surimi, and fish paté) and the microstructure was simulated by 157 
including the major food microstructural aspects of those products (e.g., a visco-158 
elastic matrix or fat droplets). While a cocktail of three L. monocytogenes strains 159 
isolated from fish-based food products was used in the above-mentioned macroscopic 160 
study, a Green Fluorescent Protein (GFP) L. monocytogenes strain was used in the 161 
current study in order to facilitate CLSM experiments. Confocal images were used to 162 
study the growth morphology of the cells in each model system and the growth 163 
morphology was characterised by means of the number and volume distribution of 164 
single cells, small aggregates, and micro-colonies with various sizes. For the emulsion 165 
and gelled emulsion model systems, the preferred phase (i.e., aqueous phase, fat 166 
phase, or the interface) for L. monocytogenes growth was investigated using systems 167 
with various fat levels (i.e., 1, 5, 10, and 20%). As a possible explanation for the 168 
affinity of the cells for a certain phase, hydrophobicity of the cells was quantified 169 
using the Microbial Adhesion To Solvents (MATS) assay (40). The MATS assay was 170 
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 8 
conducted for both the GFP strain and the L. monocytogenes strain cocktail used for 171 
the macroscopic growth experiments of Verheyen et al. (22), enabling an improved 172 
comparison of microscopic and macroscopic results. 173 
  174 
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 9 
2 RESULTS  175 
2.1 Confocal Laser Scanning Microscopy 176 
Confocal Laser Scanning Microscopy (CLSM) images were used to visualise the 177 
growth behaviour of the selected L. monocytogenes (GFP) strain in the different 178 
model systems after 14 days of incubation at 10°C. Bacterial cells were visualised in 179 
green and fat droplets (if relevant) in orange. Cell cluster sizes were quantified and 180 
subsequently classified in six categories, i.e., single cells, small aggregates, and 181 
micro-colonies of four different sizes. Since interpreting linear size parameters is 182 
more straightforward than interpreting squared or cubic size parameters (41), cell 183 
cluster size was expressed in terms of the equivalent spherical radius (rs) based on the 184 
measured cluster volumes. This method is similar to the protocol of Jung and Lee 185 
(42), in which the equivalent circular colony radius was calculated based on the 186 
colony surface. Micro-colonies were defined as cell clusters for which rs ≥ 1.5 µm, 187 
and were further divided in four different size categories: Size I (1.5 µm ≤ rs <5.0 188 
µm), Size II (5.0 µm ≤ rs < 10.0 µm), Size III (10.0 µm ≤ rs < 15.0 µm), and Size IV 189 
(rs ≥ 15 µm). Micro-colonies with sizes ranging between 1.5 and 200 µm are reported 190 
in literature (33); the four micro-colony size subcategories in the current study were 191 
defined based on the experimental micro-colony sizes (as computed from the CLSM 192 
images) to enable a balanced micro-colony size distribution. Since L. monocytogenes 193 
cells are rod-shaped, measuring approximately 0.5 – 2.0 µm in length and 0.4 – 0.5 194 
µm in width (43), cell clusters for which rs < 1.5 µm were further categorised based 195 
on the height of a cylinder with equivalent volume and a diameter of 0.5 µm (i.e., the 196 
largest possible width of a single rod-shaped cell). Clusters for which this cylindrical 197 
height was smaller than or equal to 2 µm were categorised as single cells, while larger 198 
clusters were categorised as small aggregates. For the different model systems, Figure 199 
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1 and 2 show the size distribution of the cell clusters in the aforementioned categories 200 
by means of the number and volume distribution, respectively.  201 
 202 
Figure 3 represents the distribution of the selected GFP L. monocytogenes strain in the 203 
three different model systems without fat, i.e., liquid, xanthan, and aqueous gel. 204 
Figures 1 and 2 illustrate that L. monocytogenes mainly grew as small aggregates and 205 
micro-colonies in these model systems. In the liquid model system (Figure 3A), L. 206 
monocytogenes grew mainly as small aggregates and Size I micro-colonies. While the 207 
number of small aggregates was higher than the number of micro-colonies, most of 208 
the volume was taken in by the micro-colonies. In the xanthan system (Figure 3B), a 209 
large number of small aggregates and Size I micro-colonies were present. However, 210 
the two larger micro-colonies of Size II (i.e., rs of 8.1) and Size III (i.e., rs of 13.9 µm) 211 
accounted for 95% of the total volume of L. monocytogenes in xanthan. In the 212 
aqueous gel (Figure 3C), the cells were, in absolute numbers, rather equally divided 213 
between small aggregates and Size I, II, and III micro-colonies, while most of the cell 214 
volume was represented by Size II and III micro-colonies. 215 
 216 
Figure 4 illustrates the growth behaviour of L. monocytogenes in the emulsion and 217 
gelled emulsion model system containing 1% fat. In both systems, fat droplets with a 218 
diameter of approximately 1 µm were present, and L. monocytogenes grew in the 219 
space among these fat droplets. However, the green and yellow areas that were 220 
observed on the outside of the orange areas indicated that the bacterial cells also grew 221 
around the fat droplets on the fat-water interface. In the emulsion containing 1% fat 222 
(Figure 4A), the cells mainly grew as small aggregates and Size I micro-colonies, with 223 
the latter representing the largest cell volume. In the gelled emulsion containing 1% 224 
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fat (Figure 4B), a similar growth behaviour was observed, although Size II micro-225 
colonies also represented 11% of the cell volume. 226 
 227 
The growth of the GFP L. monocytogenes strain in the model systems with higher fat 228 
content (i.e., 5, 10, and 20%) is illustrated in Figure 5 and Figure 6, for the emulsions 229 
and gelled emulsions, respectively. With increasing fat content, bacterial growth on 230 
the fat-water interface was dominant over growth in the aqueous phase among the fat 231 
droplets. Concerning number and volume distribution of cells, growth behaviour was 232 
relatively similar in emulsions and gelled emulsions with equal fat content. In systems 233 
containing 5% fat, most cell clusters appeared as small aggregates and Size I micro-234 
colonies, with the latter category representing the largest volume percentage. In the 235 
emulsions and gelled emulsions containing 10 and 20% fat, small aggregates and Size 236 
I micro-colonies were the most prominent in absolute numbers, while smaller 237 
percentages of Size II and IV micro-colonies were also seen. However, these Size IV 238 
micro-colonies (i.e., rs of 30.6, 39.4, 16.3, 27.5, and 37.2 µm) represented between 90 239 
and 100% of the total cell volume. These relatively large micro-colonies seem to have 240 
been formed by the connection of micro-colonies on different fat droplets, as can be 241 
observed in Figure 5 and Figure 6 (B and C). 242 
 243 
2.2 MATS assay 244 
Table 1 shows the results of the MATS assay for the GFP strain, the strain cocktail 245 
used for the macroscopic growth experiments by Verheyen et al. (22), and the three 246 
separate strains of the cocktail (i.e., LMG 23773, LMG 23774, and LMG 26484). In 247 
general, affinities for the polar solvent (i.e., diethyl ether) were higher than for the 248 
nonpolar solvent (hexane). The affinity for diethyl ether was significantly higher for 249 
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LMG 23773 than for the other strains. The highest affinities for hexane were observed 250 
for LMG 23773 and the GFP strain. For each strain, the affinity to the polar solvent 251 
was also higher than the affinity to the nonpolar solvent. 252 
 253 
  254 
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3 DISCUSSION 255 
3.1 Growth morphology 256 
Verheyen et al. (22, 31) made a number of assumptions concerning the growth 257 
morphology of the L. monocytogenes strain cocktail (consisting of LMG 23773, LMG 258 
23774, and LMG 26484) in the investigated fish-based model systems with various 259 
microstructures, i.e., liquid, xanthan, aqueous gel, emulsion (1% fat), and gelled 260 
emulsion (1% fat). First of all, it was assumed that L. monocytogenes grew as single 261 
cells in the liquid system, although potential cell sedimentation due to the static nature 262 
of the growth experiments was also suggested. Secondly, visual inspection during the 263 
macroscopic growth experiments indicated the occurrence of colony growth in the 264 
xanthan model system, probably caused by the higher viscosity in comparison to the 265 
liquid system. Since the viscosities of the xanthan and emulsion model system 266 
containing 1% fat were rather similar, it was assumed that colony growth would also 267 
be present in the emulsion model system. Furthermore, it was assumed that L. 268 
monocytogenes grew as colonies in the aqueous gel and the gelled emulsion 269 
containing 1% fat. It is important to mention that the distinction between micro- or 270 
macro-colonies could not be made based on the macroscopic growth experiments. The 271 
current study shows that colony growth in the model systems could in fact be 272 
classified as micro-colony growth. 273 
 274 
The assumption of the predominant presence of single cells in the liquid system 275 
(Figure 3A) was not confirmed in the current study, since L. monocytogenes mainly 276 
grew as small aggregates and Size I micro-colonies (i.e., 1.5 µm ≤ rs < 5 µm). In this 277 
regard, bacteria are known to form small aggregates and more dense clusters when 278 
grown in liquid systems, especially at static conditions (44). The sedimentation of 279 
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cells during the 14 days of incubation at 10°C is a plausible explanation for the 280 
presence of small aggregates and micro-colonies (45, 46). For the xanthan system 281 
(Figure 3B) and the emulsion containing 1% fat (Figure 4A), the assumption of 282 
micro-colony growth was confirmed, as the largest cell volume was represented by 283 
micro-colonies. However, the situation was more complex than assumed, since a large 284 
number of small aggregates and some single cells were also present in these two 285 
systems. Furthermore, micro-colonies grew to significantly larger sizes in the xanthan 286 
system than in the emulsion system, indicating that, even at a low fat content of 1%, 287 
micro-colony size is constrained by the presence of fat droplets. This finding 288 
contradicts previous studies on bacterial growth in oil-in-water emulsions for which 289 
the main conclusion was that planktonic growth is predominant in emulsions with fat 290 
content lower than 80% (21, 26). Not only did the cells grow as small aggregates and 291 
small micro-colonies, but their colony size was also limited by a fat content 292 
significantly lower than 80%. For the aqueous gel (Figure 3C), the assumption of 293 
micro-colony growth was also mostly confirmed. Although a substantial number of 294 
small aggregates was also detected in the system, most of the cell volume was 295 
represented by micro-colonies. In the gelled emulsion containing 1% fat (Figure 4B), 296 
the assumption of micro-colony growth was also mostly confirmed, again in addition 297 
to a large number of small aggregates which only represented a limited percentage of 298 
the total cell volume. Micro-colonies in the gelled emulsion were generally smaller 299 
than in the aqueous gel, probably due to the space limitations caused by the presence 300 
of the fat droplets.  301 
 302 
Inter-colony distances of L. monocytogenes micro-colonies can also be investigated in 303 
Figures 3-6. The inoculation level of the growth experiments conducted in the current 304 
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study and by Verheyen et al. (22) was 10
2
 CFU/mL. This low inoculation level has 305 
been reported to lead to growth of large micro-colonies, far apart from each other (i.e., 306 
1.5-5.0 mm) with no inter-colony interactions (47). Inter-colony distances of the 307 
aforementioned order of magnitude could be present among the larger micro-colonies 308 
in the xanthan system, since only one Size III micro-colony (i.e., 13.9 µm) was visible 309 
in Figure 3B, implying that more distant large micro-colonies could be located at 1.5-310 
5.0 mm of the visible micro-colony. The absence of these larger inter-colony 311 
distances in the other model systems was probably related to the limited mobility of 312 
the bacterial cells in comparison to the xanthan system. Possible causes for this 313 
limited mobility include (i) sedimentation of cells in the liquid system, (ii) 314 
immobilisation of cells in the aqueous gel and gelled emulsion, and (iii) the presence 315 
of fat droplets in the emulsion and gelled emulsion. 316 
 317 
In general, the growth morphologies of L. monocytogenes in the different model 318 
systems as assumed by Verheyen et al. (22, 31) for the macroscopic growth 319 
experiments, were more simplistic than those observed in the microscopic images in 320 
the current study. L. monocytogenes often appeared as a combination of single cells, 321 
small aggregates and micro-colonies varying in size, in contrast to the more simple 322 
classification that was previously assumed, i.e., growth of single cells in the liquid 323 
system and submerged micro-colony growth in the xanthan, emulsion system, 324 
aqueous gel, and gelled emulsion system.  325 
 326 
3.2 Preferred phase for cell growth 327 
Verheyen et al. (22, 31) assumed that the aqueous phase was the preferred phase for 328 
cell growth in the emulsion and gelled emulsion systems. However, Figures 4-6 329 
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illustrate that L. monocytogenes showed a preference for growth around the fat 330 
droplets on the fat-water interface, a trend which became more evident in systems 331 
with higher fat content (i.e., 5, 10, and 20%). Although previous studies have reported 332 
that bacteria grow exclusively in the aqueous phase of oil-in-water emulsions (e.g., 333 
21, 48, 49), some bacteria have been reported to have a preference for the fat-water 334 
interface in emulsion systems, e.g., demulsifying bacteria such as Alcaligenes sp. S-335 
XJ-1 (50-52), and different bacteria in Emmental cheese (53). Therefore, the 336 
preference of L. monocytogenes to grow on the fat-water interface, as observed in this 337 
study, is not a totally isolated case. In certain conditions, bacteria can adhere to oil 338 
droplets if their cell surface is (partially) hydrophobic or exhibits specific adherence 339 
features such as pili, fimbriae, and flagella (54, 55). L. monocytogenes cells are 340 
known to possess flagella at temperatures below 30°C (56, 57), promoting adhesion to 341 
inert solid surfaces such as polystyrene and stainless steel (58, 59). However, flagella-342 
induced L. monocytogenes adhesion to fat droplets has, to the best knowledge of the 343 
authors, thus far not been reported. Therefore, cell surface hydrophobicity was 344 
investigated (i.e., by means of the MATS assay) as a possible driving force behind the 345 
preference of L. monocytogenes to grow around the fat droplets in the current study. 346 
Since cell surface hydrophobicity of L. monocytogenes is strain-dependent (60), the 347 
MATS assay was conducted for the selected GFP L. monocytogenes strain, the L. 348 
monocytogenes strain cocktail, and for the three separate strains of the cocktail used in 349 
the macroscopic growth experiments (22), in order to check transferability of findings 350 
to the macroscopic scale.  351 
 352 
No statistically significant differences were observed between affinities to the polar 353 
solvent of the GFP strain and the strain cocktail (and each separate strain of the 354 
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cocktail except LMG 23773), while the affinity to the nonpolar solvent was 355 
significantly higher for the GFP strain than for the strain cocktail. However, these 356 
statistical differences for the affinity to the nonpolar solvent were mainly due to the 357 
negative value obtained for the strain cocktail. The occurrence of negative numbers 358 
was caused by small measurement variances (i.e., the optical density of the mixed 359 
sample being slightly higher than the optical density of the original cell suspension), 360 
meaning that negative values can be assumed to be equal to zero. In addition, only one 361 
of the three strains of the strain cocktail (i.e., LMG 23774) exhibited a significantly 362 
lower affinity to the nonpolar solvent than the GFP strain, also due to the negative 363 
value which was obtained for this strain. Hence, it is reasonable to assume that both 364 
the polar and nonpolar affinity of the GFP strain and the strain cocktail were similar.  365 
 366 
The adhesion of the different strains ranged approximately from 30 to 50% for the 367 
polar solvent, and from -5 to 11% for the nonpolar solvent. The combination of both a 368 
polar and nonpolar affinity for the investigated strains could explain the tendency of 369 
the cells to grow on the fat-water interface. This would mean that the partial affinity 370 
to the nonpolar fat-phase starts to play a more important role when a decreased 371 
growth space is available in the aqueous phase (i.e., in systems with a higher fat 372 
content). However, in other studies (60-63), L. monocytogenes strains exhibited 373 
considerably higher affinities to nonpolar solvents (i.e., up to 96%) than in the current 374 
study. In addition, significantly higher affinities to polar solvents than to nonpolar 375 
solvents were observed in those studies, an opposite trend as compared to the current 376 
study. Nevertheless, while cell surfaces in the aforementioned studies exhibited rather 377 
hydrophobic properties, the cells still adhered preferably to polar surfaces (e.g., 378 
stainless steel). Even though the comparison of cell surface hydrophobicity among 379 
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different studies is not straightforward (due to the influence of e.g., the physiological 380 
state of the cells, nutrient concentration, growth temperature, and growth phase (62-381 
65)), it can be suggested that mechanisms other than cell surface hydrophobicity were 382 
more dominant causes for the preferred growth around the fat droplets in the current 383 
study. Future studies could focus on elucidating the exact causing mechanisms of the 384 
phenomenon by investigating e.g., gene expression of L. monocytogenes in the 385 
presence of fat droplets, bacterial motility, and the presence/absence of specific 386 
adherence features such as pili, fimbriae, and flagella.  387 
 388 
3.3 Comparison to macroscopic growth experiments 389 
Verheyen et al. (22) investigated the influence of food microstructure on the growth 390 
dynamics of the L. monocytogenes strain cocktail at 4 and 10°C at a macroscopic 391 
scale, using the liquid, xanthan, aqueous gel, emulsion (1% fat), and gelled emulsion 392 
(1% fat) model systems. An overview of macroscopic growth parameters (i.e., the lag 393 
phase λ and the maximum specific growth rate µmax) obtained in the different model 394 
systems for growth at 4 and 10°C is provided in Table 2. Since the main objective of 395 
the macroscopic study was to isolate the microstructural effect on growth dynamics, 396 
macroscopic growth parameters could only be effectively compared among model 397 
systems which only differed in the form of a single isolated microstructural aspect. In 398 
this regard, a comparison of planktonic cells in the liquid system and submerged 399 
micro-colonies in the xanthan system demonstrated that submerged micro-colonies of 400 
L. monocytogenes grew faster (i.e., similar λ, higher µmax) than planktonic cells, at 401 
least at static conditions (i.e., cultures which were not shaken). Furthermore, growth 402 
was faster (i.e., similar λ, higher µmax) in viscous systems than in gelled systems, as 403 
illustrated by the higher µmax in the xanthan system as compared to the aqueous gel, 404 
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and in the emulsion system as compared to gelled emulsion. Finally, fat droplets 405 
promoted growth (i.e., shorter λ, higher µmax) at 4°C, illustrated by comparing growth 406 
in the xanthan system and the emulsion, and in the aqueous gel and the gelled 407 
emulsion. Results from the current study can be used to explain some of the findings 408 
from these macroscopic growth experiments, although possible differences in growth 409 
behaviour between the L. monocytogenes strain cocktail and the GFP strain should be 410 
taken into account. In addition, assumptions made in the macroscopic study 411 
concerning L. monocytogenes growth morphology in the different model systems 412 
were proven too simplistic, as has been demonstrated in section 3.1 “Growth 413 
morphology”. The complex behaviour concerning the preferred phase for cell growth 414 
in the emulsion and gelled emulsion systems, as has been discussed in section 3.2 415 
“Preferred phase for cell growth”, could also not be taken into account during the 416 
macroscopic growth experiments. Hence, the conclusions from Verheyen et al. (22) 417 
concerning the influence of bacterial growth morphology and the presence of fat 418 
droplets on L. monocytogenes growth dynamics should be interpreted critically.  419 
 420 
In order to investigate the influence of L. monocytogenes growth morphology on 421 
microbial dynamics, macroscopic growth parameters in the liquid and xanthan system 422 
were compared. At 4°C, no significant differences in µmax were observed between the 423 
two systems, while λ was longer in the liquid system. At 10°C, the maximum specific 424 
growth rate µmax was higher in the xanthan system, while no significant differences 425 
were observed in λ. It was suggested that cells in the liquid model system might have 426 
sedimented due to the static nature (i.e., the tubes were not shaken during incubation) 427 
of the experiments. Therefore, oxygen availability would be lower for the cells in the 428 
liquid than in the xanthan system (45, 46). This assumption of sedimentation could be 429 
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valid, since the current study shows that the number of small aggregates and small 430 
(i.e., Size I) micro-colonies in the liquid system was considerably higher than the 431 
number of single cells. Nevertheless, since the number of single cells were similar in 432 
the liquid and xanthan system, differences in macroscopic growth parameters were 433 
probably mainly caused by the higher viscosity of the xanthan system, rather than by 434 
differences in bacterial growth morphology (i.e., between single cells and micro-435 
colonies). 436 
 437 
The influence of the nature of the food matrix (i.e., viscous or gelled) on growth 438 
dynamics was investigated by comparing macroscopic growth parameters among (i) 439 
the xanthan system and the aqueous gel, and (ii) the emulsion and the gelled emulsion 440 
containing 1% fat. A higher µmax was observed in viscous systems than in gelled 441 
systems at 4 and 10°C, which could be explained by the enhanced nutrient, oxygen 442 
and metabolite diffusion in the viscous systems. Based on the results of the current 443 
study, the difference in separation distance between the micro-colonies in the viscous 444 
and gelled systems could be another possible explanation for the differences in µmax, 445 
at least when comparing the xanthan system and the aqueous gel. Figure 3 illustrates 446 
that Size III micro-colonies (i.e., 10.0 µm ≤ rs < 15.0 µm) in the aqueous gel were 447 
situated more closely together than those in the xanthan system. Since colony 448 
interactions from close spatial distribution of colonies occur up to separation distances 449 
of 1400 to 2000 µm (66, 67), the smaller separation distance between the micro-450 
colonies in the aqueous gel might also be an explanation for the higher µmax in the 451 
xanthan system. Single cells, small aggregates, and Size I and II micro-colonies, 452 
however, were also located close to each other and to the Size III micro-colonies in 453 
the xanthan system, possibly also resulting in local depletion of nutrients and oxygen. 454 
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In addition, the growth behaviour of colonies depends on the colony size. Micro-455 
colony growth largely resembles planktonic growth, while macro-colony growth is 456 
slower than planktonic growth due to the presence of pH gradients and diffusion 457 
limitations around and inside the colonies (33). Since no macro-colonies were 458 
observed in any of the model systems, enhanced nutrient, oxygen and metabolite 459 
diffusion in the viscous systems as compared to the gelled systems remains the most 460 
probable explanation for the higher µmax in the viscous systems. 461 
 462 
The influence of fat droplets on L. monocytogenes growth was investigated by 463 
comparing macroscopic growth parameters between (i) the xanthan system and the 464 
emulsion containing 1% fat, and (ii) the aqueous gel and the gelled emulsion 465 
containing 1% fat. Results showed that the presence of fat droplets was beneficial for 466 
the growth of L. monocytogenes (i.e., shorter λ and higher µmax), although only at 4°C. 467 
Therefore, it was suggested that the presence of fat acts as a cryoprotective agent for 468 
L. monocytogenes growth, as concluded by Baka et al. (29). This behaviour might be 469 
explained by the tendency of the cells to grow around the fat droplets, as can be 470 
observed in Figure 4. Figure 5 and 6 illustrate that the affinity of the cells for the fat 471 
droplets seems to increase with increasing fat content. In general, a complex 472 
relationship between L. monocytogenes growth temperature and fat presence has been 473 
reported in literature (22, 29), which could also be related to the preferred phase for 474 
cell growth. Future studies could combine macroscopic growth experiments and 475 
CLSM to investigate L. monocytogenes at different temperatures in emulsion and/or 476 
gelled emulsions systems with different fat content in order to get more insight into 477 
the cell growth on the fat-water interface and the resulting influence on macroscopic 478 
growth parameters. Similar to the concluding remarks of Section 3.2 “Preferred phase 479 
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for cell growth”, the influence of bacterial motility and the presence/absence of 480 
flagella on macroscopic growth parameters could also be investigated. 481 
 482 
The findings of the current study entail significant implications for the microbial 483 
safety of processed fish-based food products, and food safety in general. In literature, 484 
assumptions concerning microbial growth morphology tend to be rather simplistic, as 485 
three different situations are normally distinguished based on the specific food 486 
microstructure, i.e., (i) planktonic growth in liquid products, (ii) submerged colony 487 
growth in gelled products, and (iii) surface colony growth on food surfaces (26, 68). 488 
In the current study, it was demonstrated that this classification does not always 489 
adequately describe real microbial behaviour, not even in products with a 490 
homogeneous microstructure. In liquid products (e.g., the liquid and xanthan model 491 
system in this study), a combination of single cells, small aggregates, and micro-492 
colonies can be present, with the distribution of the bacteria over this spectrum 493 
probably being dependent on the viscosity and potential shaking of the product. While 494 
the presence of small aggregates and micro-colonies exerts no significant influence on 495 
microbial growth dynamics (33), microbial inactivation treatments (e.g., thermal 496 
inactivation, cold atmospheric plasma, antimicrobial compounds) are often less 497 
effective when such cell clusters are present in foods (69-71).  As a consequence, the 498 
inactivation efficiency of preservation processes designed for liquid/viscous food 499 
products could be lower than estimated when cells do not exclusively grow in 500 
planktonic form. With the model systems in the current study being based on 501 
processed fish-based food products, such products containing a viscous aqueous phase 502 
(e.g., fish soup or certain fish curries) are potentially affected by the aforementioned 503 
consequences. In addition, bacteria growing on the fat-water interface (i.e., around fat 504 
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droplets) in emulsion or gelled emulsion type food products could exhibit an 505 
increased growth potential and inactivation resistance as compared to bacteria which 506 
solely grow in the aqueous phase of those products. With the applicability of the 507 
model systems of the current study in mind, these risks are especially relevant for 508 
processed fish products containing 1 to 20% fat (e.g., fish paté or fish sausage) (72-509 
74).  510 
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4 MATERIALS AND METHODS 511 
4.1 Microorganism and preculture conditions 512 
The GFP L. monocytogenes ScottA strain harbouring the plasmid pNF8 (75) was 513 
kindly donated by Prof. Tine Rask Licht (National Food Institute, Technical 514 
University of Denmark). In order to maintain the structural stability of the constructed 515 
fluorescent plasmids, 10 μg/mL of Erythromycin (Sigma Aldrich, MO, USA) and 100 516 
μg/mL of Nalidixic acid (Sigma Aldrich, MO, USA) were added to all growth media. 517 
Stock cultures were stored in Microbank (Pro-Lab Diagnostics, ON, Canada) at -518 
80°C. One Microbank bead was transferred to 20 mL of Brain Heart Infusion Broth 519 
(BHI, VWR International, Leuven, Belgium) in a 50 mL Erlenmeyer flask, and 520 
incubated at 30°C for 24 h at static conditions. Afterwards, 20 μL of the stationary-521 
phase culture was inoculated into 20 mL of fresh BHI and incubated for 24 h under 522 
the same conditions, resulting in stationary-phase cultures with a cell density of 523 
approximately 10
9
 CFU/mL. 524 
 525 
L. monocytogenes strains LMG 23773, LMG 23774 (both isolated from smoked 526 
salmon), and LMG 26484 (isolated from tuna salad) were acquired from the 527 
BCCM/LMG bacteria collection (Ghent University, Belgium). Stock cultures were 528 
stored at -80°C in a mixture of 80% (v/v) BHI broth and 20% (v/v) glycerol (Acros 529 
Organics, NJ, USA). For each strain, fresh purity plates were prepared by spreading a 530 
loopful of the stock culture onto a BHI Agar plate (1.4% (w/v), Agar Technical No3, 531 
Oxoid Ltd., Basingstoke, UK). After incubation at 30°C for 24 h, one colony from 532 
each purity plate was transferred to separate Erlenmeyer flasks containing 20 mL of 533 
BHI, after which the same procedure as for the GFP strain was followed. To prepare 534 
the strain cocktail, 10 mL from each culture (i.e., one of each strain) was collected 535 
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under aseptic conditions and mixed, leading to a stationary-phase mixed culture with a 536 
cell density of approximately 10
9
 CFU/mL.   537 
 538 
4.2 Model system preparation and inoculation 539 
Fish-based model systems with different microstructures were prepared according to 540 
the protocol of Verheyen et al. (31). The composition of the model systems was based 541 
on processed fish products (e.g., fish soup, surimi, and fish paté), while major food 542 
microstructural aspects of such products were also included (e.g., a visco-elastic 543 
matrix or fat droplets). A more detailed description of the model systems, as well as a 544 
detailed preparation protocol, is provided in Verheyen et al. (31). Briefly, the model 545 
systems were classified into five categories, i.e., liquid, xanthan (a more viscous 546 
liquid system containing a small concentration of xanthan gum), emulsion (oil-in-547 
water), aqueous gel, and gelled emulsion. The liquid, xanthan and emulsion system 548 
were classified as viscous systems, while the aqueous gel and gelled emulsion were 549 
classified as gelled systems. In order to study the effect of fat content, emulsion and 550 
gelled emulsion systems containing different concentrations of sunflower oil were 551 
used, i.e., 1, 5, 10, and 20%. Prior to the pasteurisation step (i.e., heating for 2 h at 552 
80°C while being continuously stirred at 400 rpm) of the fat solutions (as described in 553 
Verheyen et al. (31)), Nile Red (Sigma Aldrich, MO, USA) was added to the fat 554 
solutions in powdered form to a concentration of 3 µg per gram of fat. After the 555 
addition of 10 μg/mL of Erythromycin and 100 μg/mL of Nalidixic acid, model 556 
systems were homogeneously inoculated with the GFP L. monocytogenes strain to a 557 
cell density of 10² CFU/mL, using the inoculation procedure as described in Verheyen 558 
et al. (22). Inoculated systems were distributed over 35 mm diameter glass bottom 559 
dishes with a 27 mm glass viewing area (Nunc, Thermo Fisher Scientific, Waltham, 560 
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MA, USA) suitable for confocal image analysis (4 mL per dish). Prior to CLSM 561 
imaging, model systems were incubated at 10°C for 14 days, resulting in early 562 
stationary phase cells with a cell density of approximately 10
8
-10
9
 CFU/mL (22).  563 
 564 
4.3 Confocal Laser Scanning Microscopy image acquisition 565 
Microscopic 3D-images were recorded using the z-series dissection function of an 566 
A1R Confocal Laser Scanning Microscope (Nikon, Tokyo, Japan) at a 60× 567 
magnification (water immersion objective). Excitation wavelengths were 408 and 561 568 
nm for the GFP strain and Nile Red, respectively. The recorded emission ranges were 569 
500 – 550 nm and 570 – 620 nm. Images were processed using NIS-Elements C 570 
imaging software (Nikon, Tokyo, Japan). All experiments were independently 571 
performed in duplicate and multiple images were taken for each experiment. The 572 
images that were chosen were those that were the most representative and clear for the 573 
observed phenomena. 574 
 575 
4.4 Cell cluster size determination 576 
BioImageXD software (76) was used to calculate the volume of cell clusters (i.e., 577 
single cells, small aggregates, and micro-colonies) on the confocal images. 3D images 578 
were constructed in the software by importing separate TIFF-files for each z-slice of 579 
the CLSM images. Noise was filtered using the “mean” function, with x, y, z values 580 
of 3. Images were (manually) thresholded in order to acquire similar cell cluster 581 
distributions as for the original CLSM images. All green areas were separated into 582 
segmented objects with identifying colours using the “connected component 583 
labelling” function and the volume of the segmented objects was quantified. The 584 
equivalent spherical radius (rs) of all objects was calculated as the radius of a sphere 585 
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with a volume equal to the object. Similarly, the equivalent cylindrical height (hc) of 586 
the object was calculated, assuming that the object was a cylinder with a diameter of 587 
0.5 µm. Objects were classified as micro-colonies (rs ≥ 1.5 µm), small aggregates (rs < 588 
1.5 µm and hc > 2 µm), and single cells (rs < 1.5 µm and hc ≤ 2 µm). Micro-colonies 589 
were further classified in four different size categories: Size I (1.5 µm ≤ rs <5.0 µm), 590 
Size II (5.0 µm ≤ rs < 10.0 µm), Size III (10.0 µm ≤ rs < 15.0 µm), and Size IV (rs ≥ 591 
15 µm). These size subcategory ranges were defined based on the experimental 592 
micro-colony sizes computed from the CLSM images in order to enable a balanced 593 
micro-colony size distribution. For each model system, number and volume 594 
distributions were calculated to quantify the distribution of cell clusters over the six 595 
different categories. 596 
 597 
4.5 Microbial adhesion to solvent (MATS) assay 598 
The MATS assay was performed based on the protocols of Bellon-Fontaine et al. (40) 599 
and Takahashi et al. (60). Hydrophobicity of bacterial surfaces was assessed by 600 
comparing affinities to diethyl ether (i.e., a polar solvent) and hexane (i.e., a nonpolar 601 
solvent having intermolecular attraction comparable to that of diethyl ether). 602 
Precultures of the four different L. monocytogenes strains (i.e., LMG 23773, LMG 603 
23774, LMG 26484, and the GFP strain) and the strain cocktail consisting of LMG 604 
23773, LMG 23774, LMG 26484 were prepared and grown as described in Section 605 
4.1 “Microorganism and preculture conditions”. The cells were washed twice with a 606 
NaCl solution of 0.90% (w/v), centrifuging at 18,500 × g for 10 min at 4°C. In order 607 
to reach an initial optical density of approximately 0.400 at 400 nm, the cells were 608 
2.5-fold diluted with the NaCl solution. After measuring the initial (i.e., before 609 
mixing) optical density (A0) of the diluted cell suspensions, 0.400 mL of each diethyl 610 
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ether (Acros Organics, Geel, Belgium) or hexane (Acros Organics, Geel, Belgium) 611 
was added to separate 2.400 mL aliquots of cell suspension. All mixtures were left to 612 
stand at room temperature for 10 min and subsequently vortexed for 1 min. The 613 
mixtures were again left to stand at room temperature for 20 min to allow phase 614 
separation of the aqueous and solvent phases, after which the optical density of the 615 
aqueous phase was measured. The affinity to each solvent was calculated using 616 
Equation 1.  617 
 Affsolvent = 100 ∙ (1 −
A
A0
) (1) 
With Affsolvent the affinity to a certain solvent; A, the optical density of the aqueous 618 
phase after mixing and settling; and A0, the optical density of the cell suspension 619 
before mixing. All optical densities were measured at 400 nm in a multiwell plate, 620 
using a VersaMax tunable microplate reader (Molecular Devices, Wokingham, UK). 621 
To each well, 250 µL of (aqueous) cell suspension was added. All experiments were 622 
performed independently in duplicate. 623 
 624 
4.6 Statistical analysis 625 
Significant differences between the solvent affinities of the different L. 626 
monocytogenes strains and the strain cocktail were determined using analysis of 627 
variance (ANOVA, single variance) test at a 95.0% confidence level (α = 0.05). 628 
Fisher’s Least Significant Difference (LSD) test was used to distinguish which means 629 
were significantly different from others. Standardised skewness and standardised 630 
kurtosis were used to assess if data sets came from normal distributions. The analyses 631 
were performed using Statgraphics Centurion 18 Package (Statistical Graphics, 632 
Washington, USA). Test statistics were regarded as significant when P ≤ 0.05. 633 
  634 
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5 CONCLUSIONS 635 
Microscopic (CLSM) growth experiments in fish-based food model systems with 636 
different microstructures (i.e., liquid, xanthan, aqueous gel, emulsion, gelled 637 
emulsion) revealed that the growth morphology and the preferred phase for cell 638 
growth of L. monocytogenes were more complex than commonly assumed in 639 
macroscopic growth studies. Bacteria appeared as a combination of single cells, small 640 
aggregates and micro-colonies of different sizes, with the distribution over these 641 
categories being dependent on specific microstructural aspects of the respective model 642 
systems. This observation contradicts the traditional classification of planktonic 643 
growth in liquid/viscous systems and submerged colony growth in gelled systems. In 644 
emulsion and gelled emulsion systems, L. monocytogenes did not exclusively grow in 645 
the aqueous phase, but also around the fat droplets on the fat-water interface, a trend 646 
which became more evident with increasing fat content. This preference for the fat-647 
water interface most probably was not caused by a hydrophobic cell surface of the 648 
Listeria strains used, and the phenomenon should be further elucidated in future 649 
studies. Previously suggested causes for differences in microbial growth parameters 650 
(i.e., the lag phase duration λ and the maximum specific growth rate µmax), based on 651 
macroscopic growth experiments, were validated or rejected by means of observations 652 
at the microscopic level concerning, e.g., growth morphology, micro-colony size, 653 
inter-colony separation distances, and the preferred phase for cell growth. The 654 
occurrence of micro-colony growth in liquid/viscous foods on the one hand, and 655 
growth on the fat-water interface in (gelled) emulsion type foods on the other, could 656 
entail significant food safety implications. Under these conditions, pathogens 657 
potentially exhibit increased resistance to common food preservation techniques (e.g., 658 
thermal inactivation). Hence, this study demonstrated that combining experiments at 659 
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the micro- and macroscale could be beneficial for the acquirement of increased insight 660 
into the food microstructural influence on microbial dynamics, concurrently leading to 661 
improved food safety.  662 
 663 
  664 
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TABLES 908 
Table 1: Affinity to diethyl ether and hexane of the four different tested Listeria 909 
monocytogenes strains and the strain cocktail consisting of LMG 23773, LMG 910 
23774 and LMG 26484, according to the MATS (Microbial Adhesion To 911 
Solvents) assay. Among the four different strains and the strain cocktail, solvent 912 
affinity values bearing different uppercase letters are significantly different (P ≤ 913 
0.05). For each strain, affinity values to the different solvents bearing different 914 
lowercase letters are significantly different (P ≤ 0.05). 915 
 Affdiethyl ether (%) Affhexane (%) 
LMG 23773 53.66±9.11
B,b
 8.64±2.35
B,a
 
LMG 23774 34.25±5.69
A,b
 -5.54±2.38
A,a
 
LMG 26484 29.73±5.45
A,b
 0.52±4.56
AB, a
 
GFP strain 30.16±3.06
A,b
 10.83±6.05
B,a
 
Strain cocktail 30.25±5.94
A,b
 -2.34±4.41
A,a
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Table 2: Statistical analysis of macroscopic growth parameters (lag phase λ and 918 
maximum specific growth rate µmax) for the L. monocytogenes strain cocktail 919 
consisting of LMG 23773, LMG 23774 and LMG 26484, according to the 920 
Baranyi and Roberts (1994) model. For the different model systems at the same 921 
temperature, parameter values bearing different uppercase letters are 922 
significantly different (P ≤ 0.05). Adapted from Verheyen et al. (22). 923 
Model system 
λ (h) µmax (1/h) 
4°C 10°C 4°C 10°C 
Liquid 124.2±6.3
C
 14.0±7.2
A
 0.029±0.001
B
 0.091±0.004
B
 
Xanthan 89.5±12.6
B
 16.2±4.2
A
 0.029±0.001
B
 0.101±0.003
C
 
Aqueous gel 93.3±11.0
B
 28.5±6.2
A
 0.026±0.001
A
 0.074±0.003
A
 
Emulsion (1%) 45.0±10.0
A
 19.2±6.4
A
 0.031±0.001
C
 0.094±0.004
B,C
 
Gelled emulsion (1%) 53.6±13.7
A
 21.1±7.2
A
 0.029±0.001
B
 0.079±0.003
A
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FIGURE CAPTIONS 925 
Figure 1: Number distribution (%) of single cells, small aggregates, and micro-926 
colonies with different sizes for the GFP L. monocytogenes strain after 14 days of 927 
growth at 10°C in the 11 model systems, i.e., Liquid, Xanthan, Aqueous gel, 928 
Emulsions (Em) with 4 different fat contents, and Gelled emulsions (GE) with 4 929 
different fat contents. Micro-colony sizes (µm) are expressed in terms of the 930 
equivalent spherical radius (rs). 931 
 932 
Figure 2: Volume distribution (%) of single cells, small aggregates, and micro-933 
colonies with different sizes for the GFP L. monocytogenes strain after 14 days of 934 
growth at 10°C in the 11 model systems, i.e., Liquid, Xanthan, Aqueous gel, 935 
Emulsions (Em) with 4 different fat contents, and Gelled emulsions (GE) with 4 936 
different fat contents. Micro-colony sizes (µm) are expressed in terms of the 937 
equivalent spherical radius (rs). 938 
 939 
Figure 3: Growth of L. monocytogenes in the liquid (A), xanthan (B), and 940 
aqueous gel (C) model systems. Cells are depicted in green. 941 
 942 
Figure 4: Growth of L. monocytogenes in the emulsion (A) and gelled emulsion 943 
(B) model systems with a fat content of 1%. Cells are depicted in green, while fat 944 
droplets are depicted in orange. Yellow areas represent L. monocytogenes growth 945 
on the fat-water interphase. 946 
 947 
Figure 5: Growth of L. monocytogenes in the emulsion model systems with 948 
different fat content, i.e., 5% (A), 10% (B), and 20% (C). Cells are depicted in 949 
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green, while fat droplets are depicted in orange. Yellow areas represent L. 950 
monocytogenes growth on the fat-water interphase. 951 
 952 
Figure 6: Growth of L. monocytogenes in the gelled emulsion model systems with 953 
different fat content, i.e., 5% (A), 10% (B), and 20% (C). Cells are depicted in 954 
green, while fat droplets are depicted in orange. Yellow areas represent L. 955 
monocytogenes growth on the fat-water interphase. 956 
 957 
 958 
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